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In five healthy subjects and 18 patients, cine magnetic resonance (MR) imaging of the heart was performed with a true fast imaging with steadystate precession (FISP) sequence. Results were compared both quantitatively and qualitatively with those at cine fast low-angle shot (FLASH) MR imaging. The blood-myocardial contrast-to-noise ratio (CNR) was 2.0 times higher and the normalized (for measurement time and pixel size) blood-myocardial CNR was 4.0 times higher for true FISP compared with FLASH MR imaging. Qualitative scores for image quality were significantly higher with true FISP MR imaging. Segmented cine true FISP MR imaging generated high-contrast MR images of the heart in healthy subjects and in patients with heart disease and produced image quality superior to that with cine FLASH MR imaging.
Since its introduction in 1991 (1), breathhold cine magnetic resonance (MR) angiography has been a cornerstone for evaluation of cardiac morphology and function.
Traditionally, spoiled gradient-echo fast low-angle shot (FLASH) MR imaging has been used for cardiac cine MR angiography. However, FLASH MR imaging relies mainly on inflow enhancement to generate blood-myocardial contrast and, hence, is limited by low contrast-to-noise ratio (CNR) at short repetition time (TR) and low-flow rates. Furthermore, the longer TR required for inflow enhancement with FLASH MR imaging lengthens the acquisition time. If this flow dependence can be offset, then the dramatic shortening of the minimum TRs achievable with modern gradient technology can be reflected in the performance characteristics of nonenhanced MR imaging. Therefore, there is a need for a cine MR angiographic technique that can take advantage of short TRs while maintaining high intrinsic blood-myocardial contrast and blood-myocardial signal-to-noise ratio (SNR).
With true fast imaging with steadystate precession (FISP) (2) (3) (4) , an alternating, large-flip-angle, radio-frequency excitation scheme coupled with a fully balanced gradient waveform is used to recycle steady-state magnetization in long T2 species. The steady-state signal is dependent on the T2-to-T1 ratio, which is relatively high for blood. This enhances signal and contrast, but the effect is dependent on maintaining coherent transverse magnetization. Factors that tend to disrupt the steady state (such as main field nonuniformity, eddy currents, and inhomogeneous magnetic susceptibility) result in off-resonance effects that manifest as dark stripes or ghosting of flow. These artifacts are more pronounced with longer TR, where image quality is unpredictable.
With recent developments in gradient hardware, TRs on the order of 3 msec are achievable with true FISP MR imaging, and the technique can be used for lowspatial-resolution, real-time evaluation of the beating heart.
The purpose of this study was to evaluate a high-spatial-resolution, segmented-k-space, true FISP MR imaging technique for cine MR angiography of the heart and to quantify its performance compared with segmented cine FLASH MR imaging in healthy subjects and patients.
Materials and Methods
Five healthy volunteers (four men and one woman; mean age, 32.6 years; age range, 24 -43 years) and 18 patients (12 male and six female patients; mean age, 45.4 years; age range, 15-69 years) formed the study group. All patients had undergone echocardiography and were referred for further evaluation of clinical abnormalities. Six patients experienced aortic valve disease; one, mitral valve disease; five, left ventricular failure after myocardial infarction; one, an intramyocardial mass; one, a right-to-left shunt and Eisenmenger syndrome; one, a lung mass abutting the pericardium; one, pericardial thickening; and two, pericardial effusions. Studies were performed with a 1.5-T MR imaging system (Magnetom Sonata; Siemens Medical Systems, Iselin, NJ) with an advanced gradient system (maximum amplitude, 40 mT/m; maximum slew rate, 200 T/m/sec). Informed consent was obtained from each subject, and the study was performed in accordance with the guidelines of the institutional review board.
MR Imaging Technique
True FISP MR imaging.-A breath-hold, segmented-k-space, true FISP sequence (4) was developed for cine cardiac MR imaging. The true FISP pulse sequence is designed to maintain coherent transverse magnetization between TRs by means of balancing the gradient waveforms on all three axes so the total gradient moment is zero at each radio-frequency excitation pulse (Fig 1) . A 180°phase alternation is applied to every ␣ radio-frequency excitation pulse. Without any special preparation, it takes approximately T1 msec for the magnetization to reach the steady state. During the approach to steady state, the magnetization oscillates around the steady-state value and induces artifacts if included in the MR image data. To prevent this, the radio frequency was pulsed for at least one cardiac cycle before data acquisition.
We implemented k-space segmentation in two versions, with 15 and 20 lines per segment, that results in a temporal frame duration of 48 and 64 msec, respectively. A linear k-space reordering scheme with no interleaving was used.
Both prospectively triggered and retrospectively gated versions were implemented. In the prospectively triggered version, a specified number of segments were acquired after each R wave trigger, depending on the R-R interval. To maintain the steady state, radio frequency and gradient pulsing continued while data acquisition ceased until the next R wave was detected. In the retrospective version, data acquisition was continuous, and the lines were sorted retrospectively, depending on their position within the cardiac cycle.
The imaging parameters for the true FISP sequence were the following: TR msec/echo time msec of 3.0/1. A linear interleaved trajectory was used for k-space reordering. Nine lines per segment were acquired in each R-R interval, and echo sharing was used to further decrease the effective frame duration from 72 to 40 msec.
All subjects were positioned supine on the imaging table with their arms by their sides, and they entered headfirst into the magnet. A quadrature, phasedarray body coil was used, and posterior coil elements were activated to cover the thorax. Electrocardiographic electrodes were attached, and gating was obtained with four-lead electrocardiography. Subjects were asked to hold their breath in the middle of inspiration during MR imaging. To detect orientation-dependent effects, true FISP and FLASH MR images were acquired in several planes, and only those with exactly the same image orientation and section position were used for the purposes of comparison.
Quantitative Analysis
For quantitative comparison of the true FISP and FLASH sequences, 10 pairs of MR images (two long axis, five short axis, three coronal) were evaluated in the healthy subjects, and 17 pairs (nine long axis, three short axis, five coronal) were evaluated in the patients. The mean signal intensities of blood, myocardium, and background noise were measured directly by placing a circular region of interest over the relevant area in each frame of both the FLASH and true FISP series. The mean area of the region of interest for blood was 1.5 cm 2 (range, 0.3-2. of ventricular contraction, the region of interest was repositioned between frames. Background noise was measured at the edge of each MR image outside the chest.
The SNR for blood (SNR b ) and the SNR for myocardium (SNR m ) (1, 5) were calculated with the following equations: SNR b ϭ SI b /SD n and SNR m ϭ SI m /SD n , where SD n is the SD of background noise, SI b is the signal intensity of blood, and SI m is the signal intensity of myocardium. The bloodmyocardial CNR (CNR bm ) was calculated with the following equation:
Because of its longer TR, the acquisition time to measure a frame with FLASH MR imaging was 2.7 times greater than that with true FISP MR imaging. Echo sharing was not used in the current implementation of the segmented true FISP sequence. SNR is directly proportional to the voxel size and square root of the imaging time. To isolate the CNR performance inherent in the two sequences, the values were normalized for voxel size and measurement time (5) .
The TR for true FISP MR imaging was 3 msec, and the TR for FLASH MR imaging was 8 msec. The time to produce a single frame (FT [in seconds]) in each pulse sequence was calculated with the following equation: FT ϭ (TR ϫ PES)/1,000, where PES is the number of phase-encoding steps.
The voxel size (VS) was calculated in cubic millimeters. The normalized CNR bm (CNR bmN ) was calculated with the following equation: CNR bmN ϭ CNR bm /(VS ϫ ͌FT). The blood-myocardial CNR and the normalized blood-myocardial CNR values were recorded for each sequence, and the mean values were calculated.
The in-plane resolution (pixel size [in square millimeters]) and acquisition time were recorded for each series.
All of the region-of-interest measurements were performed by the same observer (J.C.C.). The results for both sequences were analyzed statistically with a paired Student t test (J.C.C., J.P.F.).
Qualitative Analysis
For the purposes of qualitative comparison, 10 MR image pairs (two long axis, five short axis, three coronal) in the healthy subjects and 31 MR image pairs (14 long axis, eight short axis, six coronal, three sagittal) in the patients were assessed by two observers (J.C.C., J.P.F.), and agreement was reached by consensus. Again, each MR image pair had exactly the same section position and orientation.
The following parameters were evaluated: subjective blood-myocardial contrast, uniformity of blood signal intensity, edge definition, visualization of intracardiac structures (valve cusps, papillary muscles), visualization of pericardium, and conspicuity of any abnormality. Each parameter was scored from 1 to 5: 1, very poor; 2, poor; 3, fair; 4, good; and 5, excellent. The mean score for each parameter was calculated, and results were analyzed statistically with a paired t test. The presence or absence of artifact was recorded. The type of artifact and orientation of the MR image on which it occurred was also noted. The severity of the artifact was graded on a scale from 1 to 3: 1, mild; 2, moderate; and 3, severe. The artifact grading system was classified as follows: mild artifact occurred on fewer than two frames and did not encroach on the region of interest; moderate artifact occurred on more than two frames and did not encroach on the region of interest; severe artifact occurred on more than two frames and did encroach on the region of interest, with potential effect on diagnosis.
Results

Quantitative Analysis
The results of the quantitative analysis in the healthy subjects are given in Table  1 . The mean blood SNR for true FISP imaging was higher than that for FLASH. The mean myocardial SNR for true FISP imaging was lower than that for FLASH. The blood-myocardial CNR and normalized blood-myocardial CNR were consistently higher for true FISP than for FLASH imaging for the 10 MR image pairs (Fig  2) . The mean blood-myocardial CNR for true FISP imaging was 2.2 times that for FLASH (range, 1.3-4.4). The normalized mean blood-myocardial CNR for true FISP imaging was 4.12 times that for FLASH (range, 2.6 -8.2).
The results of the quantitative analysis in the patients are given in Table 2 . There was no significant difference in mean blood SNR between true FISP and FLASH MR imaging. The mean myocardial SNR was lower for true FISP imaging than for FLASH. The blood-myocardial CNR and normalized blood-myocardial CNR were also consistently higher for true FISP imaging than for FLASH for the 17 MR image pairs (Fig 3) . The mean blood-myocardial CNR for true FISP imaging was 1.99 times that for FLASH (range, 0.99 -7.11). The normalized mean blood-myocardial CNR for true FISP imaging was 3.86 times that for FLASH (range, 1.8 -15.8).
The was significantly smaller for true FISP imaging than for FLASH in all series. The mean acquisition time for true FISP imaging was 10.69 seconds (range, 7.14 -15.5 seconds) and for FLASH was 15.31 seconds (range, 11-21 seconds).
The mean frame time was shorter for true FISP imaging than for FLASH.
Qualitative Analysis
Ten MR image pairs in the healthy subjects (Fig 4) and 33 MR pairs in the patients, or a total of 43 MR image pairs, were assessed qualitatively (Table 3 ). The images of six patients had evidence of aortic regurgitation. In four of these patients, the ascending thoracic aorta was dilated. The images of one patient showed mitral regurgitation and left ventricular failure (Fig 5) . The images of five patients showed poor ventricular contractility. Four of these patients had focal areas of postinfarction myocardial thinning. The images of one patient each showed a small intramyocardial mass in the interventricular septum, a patent ductus arteriosus (Fig 6) , a right hilar carcinoid tumor that abutted the heart, and focal bands of pericardial thickening associated with incoordinate right ventricular contraction. Two patients had pericardial effusions.
The results of the qualitative analysis are given in Table 1 . The mean scores for blood-myocardial contrast, uniformity of blood signal intensity, edge definition, and visualization of valve leaflets, papillary muscles, and pericardium were con- The mean score for severity of artifact was higher for true FISP imaging than for FLASH, but the difference was not significant. Severe artifact (grade 3) was seen on four true FISP image pairs compared with one FLASH pair. The mean artifact score on long-axis MR images was 1.16 for true FISP and 0.67 for FLASH; on short-axis images was 0.3 and 0, respectively; on short-axis images through the aortic root was 0.86 and 0.86, respectively; on sagittal images was 1.5 and 1.0, respectively; and on coronal images was 1.3 and 0.78, respectively.
Discussion
The results in this study indicate that segmented cine true FISP MR imaging produces high-contrast MR images of the beating heart in healthy subjects and in patients with heart disease and can produce superior image quality compared with cine FLASH MR imaging.
Cardiac MR imaging has evolved over the years through traditional spin-echo sequences (6,7) to breath-hold fast gradient-echo sequences with FLASH imaging (8 -12) . Several technical advances have occurred during this time. Prospective or retrospective cardiac gating (7, 13) offset the effects of cardiac motion, which permits multiphase MR imaging of cardiac contraction. With k-space segmentation (1, 14, 15) , spatial resolution is traded for temporal resolution, and high-spatialresolution cine MR imaging is allowed in a single breath hold. This, in turn, offsets the effects of respiratory motion.
Breath-hold cardiac cine MR imaging has traditionally been achieved with spoiled gradient-echo sequences with FLASH imaging (1). FLASH MR imaging requires a minimum TR on the order of 8 msec, not because of gradient limitations but to maintain satisfactory enhancement of inflowing blood. With improved gradient performance, the TR and acquisition time can be reduced substantially. With short TR, however, inflow enhancement and blood-myocardial contrast are compromised. Rather than rely purely on inflow enhancement, differences in the relaxation rates between blood and myocardium can be exploited by recycling transverse magnetization. This goal can be achieved with true FISP MR imaging if transverse coherence is maintained. The most obvious sequence design property of true FISP MR imaging is the zero gra- dient moment along all logical axes during any TR. Residual gradient moment would tend to dephase the spin system and make full recycling impossible. If there is no residual gradient moment, and the T2 of the spin system is large compared with TR, then a large portion of the residual transverse magnetization can be realigned along the main field direction by the next ␣ radio-frequency pulse. The magnetization then becomes available for the next positive ␣ radiofrequency excitation pulse.
If TR is large compared with the T2 of the spin system, however, substantial dephasing will occur between ␣ radiofrequency pulses, and magnetization with a spectrum of phase histories will be generated, which gives rise to unpredictable image artifacts. The most obvious of these artifacts is a dark stripe that occurs in portions of the MR image where spins are in antiphase to each other, which cancels each signal. This phenomenon is more likely to occur when there is a steep magnetic susceptibility gradient and poor main field uniformity. If TR is long, more time is available for phase evolution in these regions, and the likelihood is greater that these regions will occur closer to the center of the field of view. In our experience, TRs more than about 5 msec are not compatible with reliable true FISP image quality, whereas reliability with TRs of 3 msec or less is increased substantially.
The FLASH pulse sequence has first-order gradient moment nulling in the section-selection and frequency-encoding directions, as is standard with bright-blood cine MR imaging. Although the true FISP sequence does not have flow compensation at the echo in the usual sense of the definition, it does have first-order gradient moment nulling during any TR and is therefore motion insensitive, insofar as the gradient waveform does not allow progressive phase accumulation.
In this study, a TR of 3 msec was used in the true FISP sequence and a TR of 8 msec in the FLASH sequence. The true FISP TR was the shortest possible TR consistent with the gradient hardware specifications. On the basis of the relative TR per line, there was an improvement in time performance of 8/3 (267%) for true FISP imaging compared with FLASH. The increased acquisition speed could be used in any combination to increase temporal resolution, increase spatial resolution, or decrease acquisition time.
With true FISP MR imaging, signal intensity increased as the flip angle increased to 60°. Constraints of the specific absorption rate limited use of flip angles above this level for cine MR imaging. Optimal image contrast was achieved at FLASH imaging with a flip angle of about 20°.
The acquisition time for true FISP imaging was significantly shorter than that for FLASH (10.69 seconds vs 15.31 seconds), and this performance was effectively doubled by means of echo sharing. Despite a much shorter acquisition time, there was no compromise in spatial resolution. This is particularly advantageous in sick patients, who have difficulty holding their breath.
Blood-myocardial CNR was twice as high for true FISP imaging than for FLASH, and normalized blood-myocardial CNR for true FISP imaging was 4.0 times that for FLASH.
The relative flow independence of true FISP signal has implications in low-flow states (eg, severe left ventricular dysfunction), where blood signal intensity and blood-myocardial contrast are reduced with FLASH MR imaging. The improved signal and contrast of true FISP MR imaging has positive implications for image segmentation in the derivation of cardiac functional parameters and left ventricular muscle mass (16) .
Edge definition was superior with true FISP imaging than with FLASH, partly because of intravoxel fat-water phase cancellation due to an estimated relative fatwater phase of approximately 125°. At FLASH imaging with an echo time of 4 msec, fat and water were almost fully in phase, and the boundary between pericardium and epicardial fat was sometimes indistinct. True FISP MR images showed improved delineation of anatomic structures, including pericardium, compared with FLASH MR images. True FISP MR imaging has the potential to improve the depiction of valvular and pericardial disease, which needs to be evaluated in formal clinical studies.
True FISP MR imaging has some limitations. First, because of the requirement for a very short TR, the pulse sequence can best be implemented with high-performance gradients. Second, true FISP MR imaging is sensitive to off-resonance effects from magnetic field nonuniformities and magnetic susceptibility gradients, which results in dark stripe artifact or ghosts of flow. These artifacts become more pronounced as the TR increases, and the lines appear closer together on the MR image. For a given resonance offset ⌬, the phase accumulation during TR is ϭ ⌬ ϫ TR. When ϭ , signal cancellation and dark stripes occur. By keeping TR low, there is less time for phase accumulation, these lines are pushed further apart, and the effect of magnetic field nonuniformity is minimized. Implanted metallic devices can result in noticeable artifact from magnetic field nonuniformity that may be partially improved by means of additional shimming of the magnet. Finally, true FISP MR imaging is affected by pulsatility artifact, particularly from the aorta and great vessels, in a manner that appears orientation dependent. In our study, artifact was more severe on MR images with orientations that included the aorta. The effect was generally limited to isolated frames in the cardiac cycle, and it rarely encroached on the region of interest to compromise the diagnostic information. The exact mechanisms that underlie this phenomenon are not yet fully understood, to our knowledge.
In conclusion, true FISP imaging consistently produces higher blood-myocardial contrast than does FLASH. Moreover, acquisition times are shortened, potentially several fold, without compromising spatial resolution. The superior image quality with true FISP MR imaging allows clearer visualization of anatomic structures and potentially may improve detection of abnormalities. Although true FISP MR imaging is more prone to artifacts than is FLASH imaging, they do not typically compromise diagnostic information.
